Converted-wave (C-wave) moveout is inherently nonhyperbolic, and under existing theories, it requires at least three parameters to describe the non-hyperbolic moveout accurately even for layered isotropic media. As a result, there is still no recognized standard processing flow to handle the converted-waves except the hyperbolic approach. Here, I present revised moveout equations for layered isotropic/anisotropic media, which contain less parameters but retain the same accuracy as the exiting ones. The new equation for layered isotropic media contains two parameters: the stacking velocity V C2 and the velocity ratio γ iso between the squared P-and C-wave stacking velocities; for layered VTI media (vertical transverse isotropy), an additional parameter is needed (anisotropic coefficient χ eff ).
Introduction
Converted-wave (C-wave) exploration started in the 1970's. Since then, intensive effort has been devoted to develop workflows for processing converted-wave data. Stuart et al. (2002) gave a good review on these efforts. However, there are still no recognized standard processing flows for converted-waves except the hyperbolic approach. A fundamental problem is the non-hyperbolic moveout due to the asymmetric raypath and the sensitivity to anisotropy.
The C-wave non-hyperbolic moveout has been intensively studied over recent years (e.g. Tsvankin and Thomsen, 1994; Thomsen, 1999; Li and Yuan, 2001 ). However, under these theories, it requires at least three parameters to describe the moveout accurately for intermediate or longer offsets for even isotropic media. Some of the widely used parameters include the C-wave stacking velocity V C2 , the vertical P-and S-wave velocity ratio γ 0 and the effective velocity ratio γ eff (Thomsen, 1999 ).
An increased number of parameters has improved the accuracy of the moveout equations, but also requires extra effort for parameter estimation. Therefore it is worthwhile to search for equations with less parameter even just for processing purposes. Here we fill this gap by presenting some revised C-wave moveout equations in layered isotropic/anisotropic media and their applications for parameter estimation and model building.
Layered isotropic media
Consider a stack of n layers. The revised equation for Cwave moveout with a down-going P-wave leg and an upgoing S-wave leg from the bottom of the n-th layer takes the following simplified form,
where γ iso is the velocity ratio between the squared P-and C-wave stacking velocities. γ iso is defined as,
where V P2 is the P-wave stacking velocity, and γ 2 is the Pand S-wave stacking velocity ratio (V P2 /V S2 ).
Equation (1) is accurate for offsets about three times the reflector depth (x/z=2.7, Figure 1 ), and is more accurate than the existing equations. Thus the C-wave moveout in layered isotropic media is accurately described by two parameters V C2 and γ iso with V C2 controlling the hyperbolic moveout and γ iso controlling the non-hyperbolic moveout due to the asymmetric raypath.
Physical significance of γ iso
Equation (1) has the same form as the moveout equation in a single isotropic layer. Thus for a stack of isotropic layers, there exists an equivalent single isotropic layer that has the same moveout as the stack of layers for x/z<3.0. This equivalent isotropic layer is determined by two parameters V C2 and γ iso ; the corresponding P-and S-wave velocities of the equivalent layer are V P2 and V* S2 =V P2 /γ iso . Therefore γ iso is simply the P-and S-wave velocity ratio of the equivalent single isotropic layer, referred to as the (equivalent) isotropic velocity ratio, hereafter.
The isotropic velocity ratio γ iso provides a direct link between the P-and C-wave stacking velocities. Once V C2 and γ iso are determined from C-wave moveout analysis, equation (2) simplifies the model building process for prestack imaging, making it possible to build the velocity model from converted-wave data alone. Equations (1) and (2) also confirm that C-wave moveout is not very sensitive to the individual velocity ratio γ 0 or γ eff , since the velocity ratio that controls the C-wave moveout is γ iso which is a combination of γ 0 and γ eff .
Layered VTI media
The corresponding equation for a stack of n VTI layers takes the following simplified form, 
where χ eff is an anisotropic coefficient for converted-waves (Li and Yuan 2001) . χ eff is defined as,
where η eff is the P-wave anisotropic coefficient (Alkhalifah and Tsvankin, 1995) , and ζ eff is the corresponding S-wave anisotropic coefficient (Li and Yuan, 2001) .
One interesting point is that the isotropic equation (1) is still accurate up to the intermediate offsets when applied to anisotropic media. This implies that the C-wave moveout in VTI media is controlled by three-parameters: V C2 , γ iso and χ eff , each of which controls the moveout behavior for a specific data aperture: V C2 for the near-offset hyperbolic moveout; γ iso for the intermediate-offset non-hyperbolic moveout; χ eff for the far-offset anisotropic moveout. This is confirmed in the data example in Figure 2 . (3), accounting for both the asymmetric raypath and anisotropy, and the far-offset events are also satisfactorily flattened.
Implications for parameter estimation
With the above theory, a three-pass workflow can be used for parameter estimation and for processing 4C data in the presence of anisotropy.
The first pass is to perform a hyperbolic stack on the shortoffset data. Offsets are limited to about half the reflector depth. The main purpose is to generate an initial C-wave section, which can then been correlated with the P-wave section to obtain the P-and S-wave vertical velocity ratio (γ 0 ). For this purpose, only a coarse correlation is required.
The second pass is to perform a non-hyperbolic stack on the intermediate-offset data. This is to build an accurate Cwave stacking velocity model (V C2 and γ iso ). By using a fixed background γ iso , equation (1) can be used to perform non-hyperbolic velocity analysis for V C2 . In this case, offsets are limited to one and half times the reflector depth.
After obtaining V C2 , γ iso can be estimated by a second semblance analysis using equation (1) on offsets up to twice the reflector depth (x/z=2.0). A double scanning approach may also be used to obtain (V C2 and γ iso ). However, if there are good V P2 data, a more robust estimation of γ iso can be achieved from equation (2), or by γ iso spectra as described in Li et al. (1999) .
The third pass is to estimate the anisotropic coefficient χ eff , if anisotropy is not negligible. With V C2 and γ iso as inputs, semblance analysis is performed over the entire data using equation (3) to scanning for χ eff .
Model building
The following equations can be used for model building purposes once V C2 , γ iso and γ 0 are determined:
The P-and S-wave anisotropic coefficients η eff and ζ eff may be obtained by 
Equation (6) is derived for a single VTI layer but it is found to be good approximations for time processing. Note that the full velocity model for prestack time migration (PSTM) requires five parameters: γ 0 , V P2, V S2, η eff and ζ eff (Dai and Li, 2001) .
Data example
The Guillemot 4C data (Courtesy of Shell Expro) is used to illustrate the above approach. A sample gather is shown in Figure 2a . The three parameters (V C2 , γ iso and γ 0 ) can be determined with sufficient accuracy and resolution by inverting the C-wave moveout from its corresponding data aperture (Figure 3 ). Figure 4 compares the stack sections obtained from the various stages. The near-offset stack utilizing a heavy muting provides a very good imaging section (Figure 4a ), which appears to be better than the intermediate-offset stack (Figure 4b ) due to the extra smearing at intermediate offsets. However, in both sections (Figures 4a and 4b) , the channel sand is not well imaged, as compared with the final results obtained by a full-offset anisotropic PSTM (Figure 4c ).
Conclusions
The moveout signature in layered VTI media is controlled by three parameters: V C2, γ iso and χ eff , each of which controls a particular data aperture of primary influence. V C2 controls the hyperbolic moveout at near offsets (x/z<0.7); γ iso controls the non-hyperbolic moveout at intermediate offsets (x/z<1.5) due to the asymmetric raypath; χ eff controls the anisotropic moveout at far offsets (x/z<2.0). In the special case of layered isotropic media, the moveout is controlled by only two parameters: V C2 and γ iso . These parameters can be recovered from the moveout signature by a three-pass approach, which is verified by real data.
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γ iso χ eff (a) (b) (c) Figure 3 . Results of parameter estimation for the data in Figure 2 : (a) Non-hyperbolic velocity analysis for V C2 using equation (1) over intermediate offsets (x/z=1.5) with γ iso fixed to a background value of 2.2; (c) Re-scanning for γ iso using equation (1) with inputs of VC2 from (a) and offsets extended to about twice the reflector depth; (c) scanning results for the anisotropic coefficient χeff using equation (3) with inputs of VC2 and γiso from (a) and (b), and offsets extended to three times the reflector depth. 
